Jatropha curcas plant shrub of Euphorbiaceae family is a plant whose seeds are rich in oil that can be used for biofuel production. However the seeds contain many toxic compounds which the most important ones are known as phorbol esters (PEs). This study has as aim the study of the technical and economic feasibility of the supercritical fluid to extract the PEs present in the Jatropha seed cake. The effect of temperature (40 -100 ºC) and pressure (100 -500 bar) on the phorbol yield was investigated using a central composite design methodology to determine the significance and interactions of these parameters. PEs in the extracted samples were analyzed and quantified by HPLC. The supercritical fluid extraction was effective in the PE extraction from Jatropha curcas cake varying from 23.0%, at 70 ºC and 500 bar to 2.6% at 90 ºC and 160 bar. The results showed that pressure had the most significant enhancing effect on the phorbol ester yield. Simulations of phorbol ester extraction from Jatropha curcas cake were carried out using SuperPro Designer 9.0 to evaluate the production costs of an industrial process to treat the necessary quantity of cake. It was possible to conclude that the supercritical extraction is a promising technology that can be applied to detoxify the Jatropha curcas cake.
Introduction
Jatropha curcas L. seed, known as "pinhão-manso" in Brazil, is an important oleaginous which has received great attention in recent years due to its utilization in biodiesel production (Ceasar & Ignacimuthu, 2011) . Jatropha curcas oil is usually extracted by screw presses and for every thousands of liters of Jatropha oil around 2 tons of press cake are produced (Kootstra et al., 2011) .
The phorbol esters molecules are tetracyclic diterpenoids with a tigliane skeletal structure (Hass et al., 2002) . These authors isolated six different types of PE of Jatropha curcas and all of these compounds possess the same diterpene core, namely, 12-deoxy-16-hydroxyphorbol. These compounds present in the seeds were designated as jatropha factors C1, C2, C3, epimers C4, C5 and C6, with the molecular formula C44H54O8.
Phorbol esters are double-edged swords, having a lot of negative effects on human and livestock. They also possess some beneficial effects, because not all of the PEs are toxic and their activity and potency vary from one type of PE to another Goel et al., 2007) . The purified PEs could also be converted or transformed chemically into nontoxic compounds with beneficial activities such as the hydrolysis of 12-deoxy-16-hydroxyphorbol that results in the synthesis of 12-deoxyphorbol-13-phenyl acetate, a compound that is considered as a promising adjuvant for antiviral therapy because of its anti-HIV properties (Wender et al., 2008) . Some studies had been reported the antifungal and insecticide properties from Jatropha curcas seed cake attributed to the presence of PE , Devappa et al., 2012 Ratnadass and Wink, 2012; Saetae and Suntornsuk, 2010) .
There are several already published studies on the detoxification of Jatropha curcas cake using organic solvents and chemical treatments, for example, hexane, methanol, petroleum ether and potassium hydroxide (Aregheore et al., 2003; Chivandi et al., 2005; Martinez-Herrera et al., 2006; Nokkaew et al., 2008; Devappa et al., 2010; Kumar et al., 2010) . However, the authors reveal that these techniques are not economically feasible and the multiple steps involved in the biomass processing until the detoxification stage are also costly and not environmentally friendly. Based on this fact, the supercritical extraction process has advantages compared to conventional methods with organic solvent. The carbon dioxide in its supercritical state is a promising solvent due to its characteristics like inertness, non-toxicity, no flammability, non-explosiveness, and availability with high purity at low cost (Brunner, 1994) .This technology implies in the use of the principles of green chemistry and engineering, since process inception in the research environment until to process application on a commercial scale (Machida et al., 2011) .
There aren't reports in the literature concerning the extraction of PEs from Jatropha curcas cake with supercritical carbon dioxide. Because of the scarce of data concerning PEs extraction with supercritical CO2, this study has as aim the technical and economical evaluation of this type of extraction of PEs present in the Jatropha curcas seed cake. Cristiane de Souza Siqueira Pereira, Fernando Luiz Pelegrini Pessoa; Simone Mendonça, José Antônio de Aquino Ribeiro, and Marisa Fernandes Mendes / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 2 pp. 65-80 67 Jatropha curcas seeds were kindly provided by Empresa de Pesquisa Agropecuária de Minas Gerais (EPAMIG) grown in the region of Janaúba city, located in the north of Minas Gerais state (Brazil). The Jatropha curcas press cake was obtained using a tubular radial screw press with capacity of 50 kg/h (SCOTTECH), which provided approximately 19.6% of oil. The press cake composition was detailed described in Guedes et al. (2015) . After pressing, the material was stored in a plastic bag in the refrigerator for later experiments. Liquid CO2 (99.9% pure) was from White Martins (Rio de Janeiro, Brazil).
Materials and Methods

Materials
Experimental design
Jatropha pressed cake was submitted to the extraction process following a central composite rotational design (CCRD) with two independent variables (pressure and temperature), commonly studied in supercritical extraction process. Table 1 show the coded and actual levels of variables and describes the 11 experiments that were carried out. The results were statistically analyzed using a statistical program. Fig.1 . The same apparatus has been used in numerous studies done by the research group (Mendes et al., 2005) and the experimental procedure was done in a semi-batch way. Initially, the extractor was filled with the solid material, approximately, 10 g of Jatropha pressed cake. The sampling was done using a micrometric valve, reducing the pressure, and the oily extract was recovered in a previously weighed polypropylene tube. Sampling occurred at each 10 minutes with the depressurization of the system. 
with mass of extract as the oily fraction extracted at each 10 min and the mass of cake was 10 g, approximately, for all the experiments.
Phorbol ester analysis
The PEs from extracts of Jatropha cake obtained with supercritical CO2 and from pressed cake were analyzed in Embrapa Agroenergia (Brasí lia, Brazil).
Phorbol esters analysis from pressed cake
The methodology used in this work was adapted from Makkar et al. (1997 and a purge time of 60 s. The extracts from the ASE tubes were evaporated under vacuum in a water bath at 60 °C (rotaevaporator). It was added 2.5 mL of HPLC grade methanol to the ASE tubes and it was mixed for 20 to 30 seconds. The methanolic extracts were transferred to a test tube of 10 mL and centrifuged at 4000 rpm for 3 minutes. The clear supernatant was transferred to a volumetric flask of 5 mL with the aid of micropipette. This procedure was repeated with a further portion of 2.5 mL of HPLC grade methanol, bringing the mixture methanol plus residue at the same test tube. The methanol solution was filtered to vial (VertiPure PTFE Syringe, 13 mm, 0.2 µm) and 25 µL were injected into the chromatographic system.
HPLC Analysis of PEs Extracts from Supercritical CO2 Process
It was added 3 mL of HPLC grade methanol to the falcon tube containing the extract obtained by supercritical fluid extraction. The tube was mixed for 20 to 30 seconds and centrifuged at 9000 rpm for 5 minutes. The clear supernatant was transferred to a 10 mL volumetric flask with the aid of micropipette. This procedure was repeated with two further portions of 3 mL of methanol, adding the methanolic extracts in the same 10 mL volumetric flask and completing the volume with methanol. The methanolic solution was filtered to vial (VertiPure PTFE Syringe, 13 mm, 0.2 µm) and 25 µL were injected into the chromatographic system. A gradient of (A) phosphoric acid 0.1% (V/V) and (B) acetonitrile was used as following described: start with 60% of B, increase B to 100% in the next 25 min, and keep 100% of B for the next 3 min. Then the column was washed with 2-propanol in the next 5 min and equilibrated with the starting conditions (60% of B) for 10 min. The chromatographic conditions were also adapted from Makkar et al. (2009) . The PEs were analyzed and quantified by HPLC (Agilent) on a reverse phase C18 SB-C18 250 x 4.6 mm (5 µm), maintained at 40 ºC.
Phorbol-12-myristate 13-acetate (PMA) was used as an external standard, which has a retention time around 23.5 min. PEs peaks were integrated at 280 nm, and the concentration was expressed as equivalent to PMA. The PEs peaks appeared between 17.5 and 21.5 min and the results were expressed as equivalent of a standard phorbol-12-myristate-13-acetate. The percentage of phorbol ester (% PE) found in the extract was calculated according to equation 2:
Yield PE (% ) = phorbol ester in the ( / ) phorbol ester in the jatropha ( / ) 100
(2)
Economic evaluation
According to Moraes, Zabot & Meireles (2014) studies involving economic aspects are necessary to make the scale-up from laboratory/pilot scales to industrial scales. Many of them have simulated the manufacturing cost (MC) of extracts, mostly obtained by supercritical fluid extraction from vegetal raw materials and have reported the financial viability of the process such as antioxidant extracts from Myrciaria cauliflor (Cavalvanti et al., 2013) , alkylamides from Spilanthes (Veggi et al., 2014) , production of phenolic rich extracts and extraction of carotenoids from Brazilian plants (Prado et al., 2010; Prado et al., 2012) . Supercritical fluid extraction is associated with high investment costs (Rosa and Meireles, 2005) and according to Patel et al. (2006) the solute extracted using supercritical carbon dioxide is significantly different from their conventional equivalents and energy costs in this process are lower than those incurred in steam distillation and solvent extraction. The higher capital cost of supercritical fluid extraction equipment is often offset by more complete extraction and the purity of the extract.
Due to the fact that the technical feasibility of PEs extraction with supercritical carbon dioxide was assured and because of an absence of works using this type of raw material, an economic evaluation was done to predict the extraction behavior of a process that will be conducted in a pilot scale of 42 L, using the better operational conditions of temperature (70 ºC) and pressure (500 bar) obtained in the experimental unit, until the cake was considered detoxified. The scale up criterion adopted consisted in maintaining the solvent mass to feed mass ratio (S/F) constant. The overall extraction curves obtained from laboratory scale experiments were used as reference, therefore S/F = 53.6.
The commercial simulator SuperPro Designer v9.0 (Intelligen, Inc) was used to simulate the extraction process and to estimate the production cost of phorbol esters extracted with supercritical fluid until the cake was detoxified. This simulator has been used by other authors to simulate supercritical fluid extraction processes using different raw materials (Prado, 2009; Prado et al., 2009; Prado et al., 2012; Delgado and Pessoa, 2014) . The simulator used to estimate the manufacturing cost (MC) utilizing the methods based on Peters & Timmerhaus (1991) and Turton et al. (2008) . These methods englobe the summation of the fixed cost of investment (FCI), the cost of utilities (CUT), the cost of labor (COL), the cost of raw material (CRM) and the cost of waste treatment (CWT) involved in the studied chemical process to compose the MC (Prado, 2009 ).
The extraction process was simulated in a batch mode using a solid-liquid extractor present in the database of the simulator. The initial investment concerns the acquisition of a supercritical extraction unit composed of pumps, exchangers, heat extractors and separators, pressure vessels, compressor, pipes, valves and fittings. The extraction plant cost was calculated based on the value of an extractor of 50 L (US$ 540,040.00) provided by Zabot et al., (2015) considering an annual depreciation rate of 10%. The number of employees needed was: 3 operators (US$ 6.90/h), 1 supervisor (US$ 105.00/h), 1 QC analyst (US$ 84.62/h), and labor cost estimated by database the simulator (price 2015).
The Jatropha cake cost (U$$ 75/ton) was based on the value reported by Sriram (2012). The cost of CO2 was considered US$ 2.65/kg (99.9% purity, White Martins), and the solvent is recycled without further treatment. The utility cost was based on an energy balance simulation in SuperPro Designer: water US$ 0.050/metric ton and the electricity at US$ 0.20/kW.h (Zabot et al. 2015) . The revenue of the plant may consist of phorbol ester. The cost of phorbol ester was considered based on the reference price of phorbol 12-myristate 13-acetate at US$ 15/mg (99.9% purity, LC Laboratories, US Canada). 
Results and Discussion
The total yields, presented in equation 1, for each operational condition were shown in Table 2 .
According to the results, the best yields were obtained at high pressures and the best extraction conditions were obtained at 70 °C and pressure of 500 bar with the yield of 9.33%. The accumulated yield in function of the extraction time can be seen in Fig.2 . The extraction time was different from one condition to another according to the saturation of the raw material: 200 minutes for 98 ºC at 300 bar, 300 minutes for 70ºC at 100 bar, 90 ºC at 160 bar, 40ºC at 300 bar, 70 ºC at 500 bar and 400 minutes for 50 ºC and 160 bar, 70 ºC at 300 bar, 50ºC at 440 bar and 90 ºC at 440 bar. It was observed that the yield increases with increasing pressure, and higher pressures (300, 440 and 500 bar) had better yields when compared to lower ones (100 and 160 bar). According to Fig.2 , when the temperature increases, at constant pressure (300 bar), the yield increases as well. The behavior occurred because the vapor pressure of the solute also increased with the temperature, minimizing the solvent density effect. At 160 bar, it was observed a cross- It is important to note that Table 2 and Fig.3 show the total yield of the extraction, which not represents the PE yield for each operational condition. Only the last extracted fraction of each operating condition was analyzed to quantify the concentration of phorbol esters.
Firstly, it was analyzed the PE content in the untreated seed cake. The HPLC result indicated that the total PE content was 1.97 mg/g. The extracts obtained with supercritical extraction in different conditions were analyzed to better quantify the content of PEs by HPLC. The results presented in Table 3 were the average of the HPLC analysis done in triplicate. Table 3 shows that the extractions at 70 ºC/500 bar and 50 ºC/440 bar were able to remove 22.19% and 23.03% of the PE present in the seed cake, respectively. The HPLC chromatogram of the best condition of extraction (70 ºC and 500 bar) is shown in Fig.3 and indicates four peaks, representing the PE derivatives, between retention times of 17 and 21.5 minutes. As explained above, a central composite rotatable design (CCRD) was used to evaluate the PE yields extracted. The influence of the two independent variables (temperature and pressure) was statistically investigated at 95 % of confidence level (p ≤ 0.05). The linear and quadratic coefficients of the variables studied and their interactions, the standard error, the significance of each coefficient determined by the p-value and the values of the analysis of variance (ANOVA) are listed in Table 4 . The p-values of the regression coefficients suggest that only pressure, as a linear factor, was significant (p ≤ 0.05). This result corroborated the experimental results presented in Fig.3 , where the better operational conditions occurred at higher pressures. Moreover, the statistical analysis of the experimental data showed that the pressure had a significant effect on PE removal. A first order model was established (Equation 3) based on ANOVA which described the yield of PEs extracted: Y = 9,19 + 7,29 x2 (3) where Y is the yield of PEs and x2 is the pressure. It was observed on Table 4 that the calculated F factor was greater than the tabulated one, demonstrating that the model is representative, and because of that, a response surface can be obtained. Fig.4 shows the response surface illustrating the extraction yield as a function of temperature and pressure.
Analyzing the response surface generated by the first order model, it can be observed an optimized region at higher pressures. The data indicated that, at any temperature, the yield of the extraction and consequently PEs concentration will increase with pressure increase.
The results of efficiency cannot be compared with another work because it was not found in the literature similar works concerning the extraction of PEs from Jatropha curcas cake with supercritical carbon dioxide. It was only found a similar work that used supercritical carbon dioxide Some studies have investigated the use of supercritical fluid in the oil extraction or biodiesel production from Jatropha curcas (Machmudah et al., 2008; Willems et al., 2008; Chen et al., 2010; Chen et al., 2011; Chen et al., 2012) . However they didnt report the presence or absence of phorbol ester. Only the study of Yan et al. (2013) investigated the effect of temperature (30 -120 ºC) and pressure (70 -200 bar) on the content of phorbol esters in Jatropha curcas kernel meal obtained after methanolic transesterification in supercritical carbon dioxide. The PE contents from Jatropha curcas kernel achieved 0.06 mg/g, under the operational conditions of 150 bar, 100 ºC, methanol/oil molar ratio of 30:1 and reaction time of 150 min. According to the authors, the PE mass fractions achieved 0.06 mg/g, which was below the non-toxic standard. As the phorbol ester content in untreated seed cake is 1.97 mg/g and the percentage extracted was 23%, it can be concluded that the best operational condition (500 bar, 70ºC and 300 minutes) was not able to remove the phorbol esters to a tolerable level of 0.11 mg/g according to Makkar and Becker (1999) . However, the better condition of temperature and pressure (500 bar and 70 ºC) was used to simulate the application of supercritical carbon dioxide in the PEs extraction until the cake was detoxified.
Economic evaluation
A preliminary simulation was performed considering a situation where the cake was considered detoxified and the simulation results indicated that it would take a cycle of 60 hours to remove 94,92% of the phorbol ester. The process was designed to run 7920 h per year, which corresponds Cristiane de Souza Siqueira Pereira, Fernando Luiz Pelegrini Pessoa; Simone Mendonça, José Antônio de Aquino Ribeiro, and Marisa Fernandes Mendes / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 2 pp. 65-80 75 to 330 days per year with continuous 24 h per day shifts, totaling 132 batches / year. Fig 5 shows the flowsheet of the process in the simulator.
As the phorbol ester content in untreated seed cake is 1.97 mg/g, the percentage extracted was 23% at 70 ºC and 500 bar with 5 hours of extraction time. Therefore, considering the scale-up and simulation results to obtain detoxified Jatropha cake, the process mass balance is presented in Table 5 . The annual throughput of phorbol ester was 2.47 kg/yr and the tolerable level of PE of 0.11 mg/g (per batch), according to Makkar and Becker (1999) , could be reached with the simulation. The seed cake can be considered non-toxic with this level, confirming the efficiency of the methodology studied in this work. Table 6 provides a summary of the overall material balances and material consumption of this process. Table 7 shows the results of the economic evaluation. For a plant of this capacity (42 L), the total capital investment is US$ 5.5 million/year. Assuming a selling price of US$ 15.00/mg, the project yields an after-tax internal rate of return (IRR) of 145.86 % and a net present value (NPV) around The internal rate of return (IRR) is compared to the minimum attractive rate of return (MARR) or the cost of capital of the company. The decision criteria for accepting the project is to have a IRR greater than or equal to the minimum acceptable (Mendes et al., 2005) . The criterion for evaluating the IRR in this study was that this is equal to or greater than 25% per year. A sensitivity study varying the selling price of phorbol ester in relation to total costs was conducted. The influences of the price in internal rate of return on total revenue and payback time are presented in Fig. 7 . even point was situated in the figure at, approximately, 13% of the rate of production. It means that if the plant is operated above this rate of production, the profits are higher than the total costs of production. Fig. 8 . Variation of the costs and profit in function of the rate of the production of the plant
The Superpro Designer was also used to simulate the operating cost of the cake using chemical treatment described by Guedes et al. (2014) to compare the process costs. The detoxification of seed cake was obtained with soxhlet apparatus, reducing the PE content in 97.30% (0.10 mg/g) using methanol, extraction time of 8 hours and solute/solvent ratio of 1:10 (w/v). Soxhlet simulation considered an industrial setup with three extractors of 42 L. The results showed that the Soxhlet extraction presented higher operating cost US$ 13,197,000.00/yr compared with the operating cost of the supercritical fluid extraction (US$ 5,533,000.00/yr). The carbon dioxide in supercritical state is a promising solvent for green chemical processes due to its characteristics like non-toxicity, no flammability and non-explosiveness. The cost of separation from extract was not considered in the simulation model. However, the results obtained were satisfactory. Further studies must be performed to enhance efficacy this process, such as, the investigation of fractioned separation of the extracts.
Conclusions
It was studied the technical evaluation of supercritical fluid to extract PEs from Jatropha curcas cake. The experiments were done applying a statistical experimental planning, showing that the 0.00 5,000,000.00 10,000,000.00 15,000,000.00 20,000,000.00 25,000,000.00 30,000,000.00 best results occurred at 70 °C and 500 bar with the yield of 9.33%. It was observed that the yield increases with increasing pressure and a statistical analysis corroborated this behavior. The supercritical fluid extraction was effective in the recuperation of the PE from Jatropha curcas cake around 23.0%. The economic evaluation indicates that the process is economically viable and can be implemented to obtain detoxified cake and add value to phorbol ester.
